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Soil organic carbon fractions
Tableland of the Loess PlateauLand uses and cultivation are important factors controlling SOC storage on the Loess Plateau. These factors may
also affect the relative importance of differentmechanisms for the stabilization of organicmatter in the soil. Easily
oxidizable organic carbon (EOC), aggregation and aggregate C fractions in the soilweremeasured under different
land uses. Aggregates were fractionated using a wet-sieving procedure to obtain the distribution of water-stable
aggregates. The fractions of aggregates, aggregate SOC and aggregate EOC in grassland and forestland were gen-
erally higher than those in farmland. Furthermore, because conventional cultivation destroyed aggregates, the
dominant aggregate size fractions were b0.5 mm for farmland and N0.5 mm for other land uses. Compared to
the corresponding values in farmland, the mean weight diameter (MWD) in forestland and grassland increased
by 808%–417%, and the stability ratio of water-stable aggregate (WSAR) increased by 920%–553%. Aggre-
gate formation and its dominant size fraction were associated closely with its carbon fractions. SOC and
EOC in farmland tended to be concentrated in smaller-sized aggregates, whereas SOC and EOC under
other land uses tended to concentrate in larger-sized aggregates. EOC tended to concentrate in larger aggre-
gates than SOC. The small fractions of the aggregates formed large fractions by combining with fresh organic
matter. So converting slope farmland to forestland and grassland could improve the storage and quality of
SOC, and the tendency of SOC transfer.
© 2013 The Authors. Published by Elsevier B.V. All rights reserved.1. Introduction
The Loess Plateau of North China is famous for its deep loess, unique
landscapes and intense soil erosion. Over a long period, poor land use
management that has resulted in vegetation destruction, including de-
forestation, overgrazing and over-reclamation, has accelerated soil ero-
sion (Fu et al., 2009) and has thus caused the ecological environment to
deteriorate (Zheng, 2006). To improve the fragile natural ecosystems on
the Loess Plateau andmitigate the degradation of the land, environmen-
tal restoration and protection programs have frequently been used to
restrict farming and to increase vegetative cover on steeper slopes by
creating grassland or shrub forestland. Over the past decade, the land
use and vegetation on the Loess Plateau has changed signiﬁcantly,
converting slope cropland to other land uses, such as artiﬁcial grassland,
shrubland or abandoned cropland. Although several studies on the spa-
tial variability of soil properties have been conducted in this region
(Chen et al., 2006; Li et al., 2005), soil organic carbon (SOC) and impactserms of the Creative Commons
which permits non-commercial
d the original author and source
).
lished by Elsevier B.V. All rights reseron soil aggregation under different land use types have received little
attention.
The type of land use is an important factor controlling organicmatter
storage in soils because land use affects the amount and quality of litter
input, litter decomposition rates and the processes of organic matter
stabilization in soils (Lehmann et al., 2000; Shepherd et al., 2001; Six
et al., 1999). The properties of the soil matrix also play an important
role in the protection of soil organic matter (SOM) against biodegrada-
tion, either by adsorption of substrates to mineral surfaces or by incor-
poration of SOM into soil aggregates at sites inaccessible to microbes
(Christensen, 1992; Golchin et al., 1998). Land use and soil cultivation
can change the total amount of SOM stabilized, but they may also
change the relative importance of the processes that protect SOM.
These changes must be known to understand, assess and predict land
use effects on the storage and stability of SOC.
Soil aggregates are structural units within soil that control the dy-
namics of SOM and nutrient cycling (Six et al., 2004). Conceptually, ag-
gregates are generally classiﬁed into macro-aggregates (N0.25 mm)
and micro-aggregates (0.053–0.25 mm). The conversion of land use
often results in the destruction or reformation of soil structure
(Golchin and Asgari, 2008; Islam andWeil, 2000). This process changes
OCmineralization because organic matter within the aggregatesmay or
may not be physically protected from microbial decomposition
(Golchin and Asgari, 2008; Islam and Weil, 2000). The relationship isved.
20 M.-Y. Liu et al. / Catena 115 (2014) 19–28reciprocal in the sense that although organic matter is critical for aggre-
gate formation and stabilization, a portion of the SOM is physically
protected from decomposition by its incorporation into aggregates
(Paul et al., 2008; Six et al., 2002). For example, organic matter is a
major agent in stabilizing soil aggregates, and SOMdynamics are related
to the formation and destruction of slaking-resistant macro-aggregates
(Six et al., 2000). SOM is known to have a strong relationship with
aggregate formation and stabilization (Six et al., 2002). Macro-
aggregates are sensitive to changes in land use and cultivation practice,
whereasmicro-aggregates are less sensitive (Franzluebbers and Arshad,
1997; Puget et al., 2000). It has also been suggested that the dynamics of
aggregate formation are closely linked to SOM storage in soils (Golchin
et al., 1998).
SOC is considered to be a key attribute of soil fertility and productiv-
ity because of its importance for the physical, chemical and biological
properties of soil (Johnston, 1986; Reeves, 1997). Evidence suggests
that certain fractions of SOC are more important in maintaining soil fer-
tility and are, therefore, more sensitive indicators of the effects of man-
agement practices than the total SOC (Cambardella and Elliott, 1992;
Carter et al., 1998; Freixo et al., 2002; Von Lutzowet al., 2000). Easily ox-
idizable organic carbon (EOC), light fraction organic carbon (LFOC),
dissolved organic carbon (DOC) and particulate organic carbon (POC)
respond more rapidly under different land uses than SOC. For this rea-
son, they are considered more sensitive indicators of agricultural
management-induced changes than SOC (Campbell et al., 1999; Carter
et al., 1998; Chan et al., 2002; Haynes, 1999). An approach based on
SOC fractions and involving the measurement of smaller and more ac-
tive fractions of SOC is essential to identify changes in SOC quality as in-
ﬂuenced by soil management practices.
In this study, we examined the effects of ﬁve land uses (farmland,
natural grassland, shrub forestland, arbor–shrub mixed forestland and
arbor forestland) on soil aggregation and SOC fractions. The objectives
of the study were to (a) analyze the effects of land use on water-
stable aggregates, aggregate organic carbon (aggregate SOC), EOC and
the distribution of EOC in aggregates (aggregate EOC); (b) evaluate
the relationship between SOC content and water-stable aggregate frac-
tions; and (c) reveal the bondingmechanisms of aggregates and organic
carbon under different land uses on the Loess Plateau of North China by
studying the relationships among these properties (water-stable aggre-
gates, aggregate SOC content, EOC and aggregate EOC content).
2. Materials and methods
2.1. Study area
Soil samples for this studywere obtained from research sites located
on the Maliantan Farm of Yongshou County in Shaanxi province. This
area is also a demonstration site for the science and technology strategic
program “Conservation of Water and Soil Vegetation Construction
Engineering Research and Demonstration in Loess Plateau (Yongshou
County) of Yellow River Middle Reaches” (108°05′22.6″–108°05′39.3″
E, 34°47′58.4″–34°48′42.7″N). The landforms are characteristic of the
tableland of the Loess Plateau, with altitudes ranging from 900 to
1300 m. Themean annual temperature is 10.8 °C, and themean annual
precipitation is 601.6 mm. During 1980–1985, a large area of artiﬁcial
vegetation consisting of different vegetation types and different cultiva-
tion models (pure forest and mixed forest) was planted at this site to
control soil and water erosion and improve the environment. The pre-
dominant soil series at this site include loessal soil (45.56% of the total
area) and Heilu soil (35.65% of the total area). The topography and soil
textural class (sand 300–550 g kg−1; silt 200–450 g kg−1; clay 150–
250 g kg−1) are similar across all ﬁve of the land use patterns studied.
Soils were sampled from ﬁve land uses: (1) farmland (FL) con-
sisting of continuouswheat plots established 1000 years ago; (2) undis-
turbed natural grassland (NGL) dominated by Bothriochloa ischaemum
(L.) Keng, Artemisia giraldii Pamp., Artemisia sacrorum Ledeb. andSpodiopogon sibiricus Trin., established in 1996; (3) shrub forestland
(SL) consisting of Hippophae rhamnoides and Rosa xanthina Lindl
established during 1982–1993, within which shrub forestland established
in 1988 was selected for this study; (4) arbor–shrub mixed forestland
(ASL) consisting of Robinia pseudoacacia L.-Hippophae rhamnoides, Pinus
tabulaeformis Carr.-Hippophae rhamnoides-Acer mono Maxim., Ulmus
pumila Linn.-Hippophae rhamnoides-Pinus tabulaeformis Carr. and
Hippophae rhamnoides-Pinus tabulaeformis Carr.-Robinia pseudoacacia L.
mixed forestland established in 1992; (5) arbor forestland (AL) established
in 1978–1992 and dominated by Pinus tabulaeformis Carr., Robinia
pseudoacacia L. and Platycladus orientalis (Linn.) Franco, within which AL
established in 1988 was selected for this study. The soil characteristics of
the sites are presented in Table 1.
2.2. Soil sampling and treatments
Soil samples were collected with a stainless steel shovel from the
center of each land use type in October 2008. The samples were collect-
ed, at essentially the same elevation. Certain slope position types affect-
ed by erosion were excluded to minimize the confounding effects of
soil erosion. Undisturbed soil cores (10 cm in diameter and 10 cm
long) were taken in triplicate at depths of 0–5, 5–20, 20–40, 40–60
and 60–100 cm for aggregate determination. Soil samples for C deter-
mination were taken from small plots of 625 cm2 (25 cm × 25 cm) at
the same depth interval, sealed in plastic bags and transported to the
laboratory, where they were air dried at room temperature. The sam-
ples were ground and sieved through 2 mm and 0.15 mm sieves to re-
move large roots, stones and macrofauna.
2.3. Water-stable aggregate fractionation
Sieve sizeswere chosen based on the assumption that the N0.25 mm
fraction was the most susceptible to changes in land use or manage-
ment (Tisdall and Oades, 1982). Aggregates were separated following
the modiﬁed method described by Six et al. (1998). An air-dried
bulk soil consisting of aggregates of diameter less than 10 mmwas frac-
tionated into 5–10 mm, 2–5 mm and b2 mm classes. In a proportional
manner, 50 g of these three aggregate fractions was then transferred to
a set of ﬁve stacking sieves with openings of 5, 2, 1, 0.5 and 0.25 mm,
resulting in the collection of ﬁve aggregate size fractions: 5–10 mm,
2–5 mm, 1–2 mm, 0.5–1 mm and 0.25–0.5 mm. The water level was
adjusted such that the aggregates on the upper sieve were submerged
at the highest point of oscillation. The aggregates were allowed to re-
main in the water 5 min, before the oscillating apparatus was started
and oscillated at 30 cycles/min. The amplitude of this sieving move-
ment was 6 cm. The nested sieves were gently oscillated within a col-
umn of water for 30 min. Floating free particulate organic matter
(POM)was removed during thewet sieving and the analysis. Aggregate
fractionswere then recovered and dried at 60 °C to a constant moisture
content. The weight of water-stable aggregates retained in each sieve
size was then determined, and the samples were then ground and
passed through 0.25 mmand 0.15 mmsieves for aggregate SOC and ag-
gregate EOC determination.
Each aggregate fraction was calculated as a percentage relative to
the total dry sample. The index of stability was expressed as the per-
centage of aggregates larger than 0.25 mmdiameter followingwet siev-
ing and drying (Orellana and Pilatti, 1994; Whitbread et al., 1998). The
parameter mean weight diameter (MWD) for aggregate stability was





where Fi is the corrected mass proportion of stable aggregate fraction
i in the total 0.25–10 mm aggregate and Di is the mean diameter of sta-
ble aggregate fraction i.
Table 1
Basic status of sampling site (Means and standard errors).
Land use Depth (cm) SOC (g·kg−1) SIC (g·kg−1) TC (g·kg−1) Bulk density/(g·cm−3) Soil porosity
Farmland 0–5 13.37(2.44) 9.86(3.04) 23.22(5.03) 1.37(0.14) 0.48(0.05)
5–20 12.22(1.45) 10.22(3.86) 22.43(5.05) 1.39(0.15) 0.47(0.06)
20–40 9.13(3.15) 9.12(5.96) 18.24(8.53)
40–60 7.89(2.14) 8.74(9.05) 16.63(10.80)
60–100 7.20(0.36) 10.27 (8.54) 17.46(8.84)
Natural grassland 0–5 22.77(2.12) 11.61(3.93) 33.88(2.38) 1.10(0.06) 0.58(0.02)
5–20 19.64(6.08) 9.69(4.13) 30.77(0.32) 1.13(0.06) 0.57(0.02)
20–40 12.02(5.49) 9.30(2.08) 21.32(2.40)
40–60 6.04(2.21) 6.04(0.87) 12.59(2.48)
60–100 5.33(1.58) 2.91(0.24) 8.62(1.40)
Shrub forestland 0–5 34.34(10.00) 9.84(1.18) 44.18(7.90) 1.04(0.10) 0.61(0.04)
5–20 19.42(6.50) 12.56(1.57) 31.98(4.26) 1.18(0.05) 0.55(0.02)
20–40 15.14(3.18) 13.73(0.89) 28.87 (3.35)
40–60 11.71(1.39) 13.37(1.83) 25.08(2.94)
60–100 9.08(2.07) 9.97(4.16) 19.05(4.23)
Arbor–shrub forestland 0–5 24.62(12.72) 11.03(3.57) 34.37(10.77) 1.18(0.21) 0.55(0.08)
5–20 10.98(2.45) 11.18(3.56) 22.16(2.71) 1.39(0.13) 0.48(0.05)
20–40 10.42(3.60) 11.44(5.01) 21.86(4.96)
40–60 8.56(1.87) 12.39(5.12) 20.95(4.70)
60–100 8.34(2.06) 12.69(5.47) 21.03(5.77)
Arbor forestland 0–5 22.70(4.93) 6.86(4.71) 30.96(0.93) 1.12(0.05) 0.58(0.02)
5–20 15.30(8.99) 8.77(4.99) 24.07(3.07) 1.28(0.14) 0.52(0.03)
20–40 11.09(3.73) 8.28(5.24) 19.92(3.09)
40–60 8.61 (1.71) 6.96(4.34) 15.75(4.13)
60–100 7.97(1.48) 8.48(3.97) 16.45(4.64)
SOC = Soil Organic Carbon; SIC = Soil Inorganic Carbon; TC = Total Carbon.
Fig. 1. Effect of land use and soil depth on EOC and the proportions of EOC. Means and
standard errors. FL = farmland, NGL = natural grassland, SL = shrub forestland,
ASL = arbor–shrub mixed forestland and AL = arbor forestland.
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equation
WSAR %ð Þ ¼ WSA=A 100% ;
where WSA is the N0.25 mm water-stable aggregate content and A is
the N0.25 mm dry aggregate content.
2.4. Carbon determination
Bulk soil and aggregates were analyzed for SOC and aggregate SOC
using a TOC analyzer (TOC-VSeries, SSM-5000A, Japan). Bulk soils and ag-
gregates were also analyzed for EOC. The EOC was determined using a
methodmodiﬁed from Yuan (1963). Brieﬂy, 0.2–0.5 g soil was digested
with 5 ml of 0.2 mol L-1 K2Cr2O7 and 5 ml 1:3 HSO4 at 130–140 °C for
5 min. The digests were then titratedwith standardized FeSO4 (approx-
imately 0.05 mol L-1). Each sample was analyzed in duplicate, and a
mean value was calculated.
2.5. Statistical analysis
Different soil C fractions and aggregate fractionswere analyzed with
a two-way analysis of variance (ANOVA) (SPSS 12.0) with land use and
depth as two ﬁxed factors. A least signiﬁcant difference test (LSD) was
used for comparisons between means at P ≤ 0.05. The signiﬁcance of
a linear relationship between pairs of parameters was expressed in
terms of Pearson correlation coefﬁcients.
3. Results
3.1. Effect of land use on SOC and EOC
Signiﬁcant differences in SOC content under the ﬁve land uses
were found at 0–20 cm (Table 1). At the 0–5 cm depth, compared
to that of FL, the SOC content of SL, ASL, AL and NGL signiﬁcantly
increased by 157%, 84%, 70% and 70%, respectively (P b 0.05). At
the 5–20 cm depth, the SOC content of NGL and SL increased by61% and 59% relative to that of FL (P b 0.05). Below the 20 cm
depth, no signiﬁcant differences in SOC content were found among
the ﬁve land uses (P N 0.05).
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ﬁve land uses at the 0–20 cm depth (Fig. 1). At the 0–5 cm depth, the
EOC content under the ﬁve land uses followed a decreasing order of
ASL N SL N AL N NGL N FL. Compared to that of FL, the mean EOC con-
tent of the soil under SL, ASL, AL and NGL signiﬁcantly increased by
218%, 201%, 175% and 171%, respectively (P b 0.05). The EOC of NGL
was higher than that of FL by 105%, 142% and 74% at the 5–20, 20–40
and 40–60 cm depths, respectively (P b 0.05). Similarly, the EOC of
NGL was higher than that of ASL by 85%, 115% and 37%, respectively
(P b 0.05). At the 60–100 cm depth, the EOC of FL was lower than
that of NGL and AL (P b 0.05). In the entire proﬁle, the mean EOC con-
tents of the soil under NGL were markedly higher than that under FL.
The proportions of EOC as a percentage of total SOC (EOC/SOC) was
also signiﬁcantly inﬂuenced by land use patterns in the entire proﬁle
(Fig. 1). The entire proﬁle mean EOC/SOC under NGL was higher than
those of other land uses, ranging from 7 to 76%. The EOC/SOC under
AL was the second highest, whereas that under FL was the lowest. At
the 0–5 cm depth, EOC/SOC under FL was signiﬁcantly lower than that
under ASL, SL, NGL and AL by 70%, 63%, 58% and 58%, respectively
(P b 0.05). At the 5–20 cmdepth, the EOC/SOC under FL and SLwas sig-
niﬁcantly lower than that under AL (P b 0.05). At the 20–40, 40–60 and
60–100 cm depths, the EOC/SOC under NGL was signiﬁcantly higher
than that under FL and ASL (P b 0.05).
3.2. Effect of land use on soil water-stable aggregates
The aggregate size fractions, MWD andWSAR measured in the soils
were inﬂuenced by land use (Table 2). After 30 min of wet sieving, theTable 2
Effect of land use on soil water stable aggregates (%).
Land use Water stable aggregates (%)
5–10 mm 2–5 mm 1–2 mm 0.5–1 mm
0–5 cm
FL 0.00Aa 0.48(0.08)ABa 0.69(0.18)Ba 1.88(0.21
NGL 10.01(7.61)Aa 11.37(4.68)Aa 13.66(0.73)Ab 14.64(3.85
SL 4.94(4.32)Aa 11.25(8.20)Aa 11.48(6.28)Ab 12.74(2.83
ASL 5.51(6.41)Aa 4.41(2.44)Aa 8.61(3.04)Aab 9.90(3.58
AL 3.67(2.41)Aa 10.04(8.62)Aa 12.56(7.04)Ab 12.56(6.42
5–20 cm
FL 0.00Aa 0.58(0.11)Ba 0.77(0.11)Ba 2.08(0.04
NGL 6.55(3.58)Aa 9.04(2.87)Aa 14.20(3.92)Ab 11.84(2.10
SL 10.65(11.52)Aa 12.54(10.19)Aa 9.95(7.26)Aab 8.79(4.37
ASL 4.14(2.46)Ba 1.80(0.99)Aa 4.23(1.44)Bab 5.35(1.22
AL 3.02(2.70)Aa 10.29(11.80)Aa 10.65(8.66)Aab 9.25(5.82
20–40 cm
FL 0.00Aa 0.31(0.09)Aa 0.73(0.24)Aa 1.63(0.48
NGL 6.62(7.45)Aa 5.52(5.71)Aa 8.41(7.33)Aa 8.76(4.99
SL 4.89(7.83)Aa 6.05(8.73)Aa 5.72(5.99)Aa 6.21(5.43
ASL 1.16(1.98)Aa 0.66(0.38)Aa 2.25(1.13)ABa 4.36(1.60
AL 1.59(1.89)Aa 5.98(8.03)Aa 7.87(8.62)Aa 9.44(8.68
40–60 cm
FL 0.00Aa 0.21(0.23)Aa 0.56(0.22)Aa 1.46(0.06
NGL 1.20(0.25)Ab 1.37(0.60)Aa 3.97(2.89)Aa 7.63(6.09
SL 0.68(0.96)Aab 2.44(3.44)Aa 3.23(3.68)Aa 5.50(6.24
ASL 0.10(0.22)Aab 0.50(0.32)Aa 0.86(0.23)Aa 2.69(1.56
AL 0.71(0.62)Aab 3.27(4.78)Aa 4.70(5.18)Aa 6.75(6.12
60–100 cm
FL 0.00Aa 0.18(0.21)ABa 0.33(0.18)ABa 0.80(0.23
NGL 0.00Aa 0.57(0.10)Aa 2.34(1.60)Aa 4.58(3.47
SL 0.23(0.40)Aa 1.46(1.91)Aa 2.82(3.68)Aa 3.73(4.29
ASL 0.12(0.19)Aa 0.43(0.24)Aa 0.94(0.19)ABa 2.27(0.68
AL 0.17(0.30)Aa 1.03(0.87)ABa 2.52(1.70)ABa 5.36(3.99
Means and standard errors.Within columns, values followed by the same lowercase letter (a–d)
within rows, values followed the same capital letter (A–D) are not signiﬁcantly different (p b 0.0
grassland, SL = shrub forestland, ASL = arbor–shrub mixed forestland and AL = arbor forestsoils under ASL showed a sharper decrease in the proportion of water-
stable aggregates of 0.25–10 mm than other land uses in the entire
proﬁle, while the proportion under FL decreased least. At the 0–5 and
5–20 cm depths, there were no signiﬁcant differences among land
uses in the 5–10 and 2–5 mm fractions. However, the 1–2, 0.5–1,
0.25–0.5 and N0.25 mm fractions under FL were signiﬁcantly lower
than those under other land uses. At the 0–5 and 5–20 cm depths, the
dominant aggregate size fraction under FL was 0.5–0.25 mm. The
dominant aggregate size fractions were 2–0.5 mm under NGL, 5–
0.5 mm under SL, 2–0.25 mm under ASL and 5–0.5 mm under AL.
At the 0–5 cm depth, the N0.25 mm macro-aggregate size fractions
under the ﬁve land use types followed the decreasing sequence
NGL N SL N AL N ASL N FL. The N0.25 mm aggregate size fraction
was signiﬁcantly greater under NGL, SL and AL (P b 0.05) than that
under FL. However, there were no signiﬁcant differences among
NGL, SL, AL and ASL (P N 0.05). In the sub-soil layers (the 5–20,
20–40, 40–60 and 60–100 cm depths), the smaller macro-aggregate
size fractions were more abundant. The differences in the aggregate
size fractions under FL and ASL were more signiﬁcant than those
under NGL, SL and AL. There were no signiﬁcant differences among
land uses in the sub-soil depth layers (P N 0.05).
Across all depths, MWD and WSAR were signiﬁcantly higher in
forestland and grassland compared with FL (MWD by 24–808%, WSAR
by 64–920%). MWD under the ﬁve land uses differed primarily at the
0–5 cm depth (Table 2). At the 0–5 cm depth, compared with FL, the
soil MWD under NGL, SL, AL and ASL signiﬁcantly increased by 808%,
564%, 490% and 417%, respectively. WSAR under the ﬁve land uses dif-
fered primarily at the 0–5 cm and 5–20 cm soil depths (Table 2).MWD (mm) WSAR (%)
0.25–0.5 mm N0.25 mm
)Ca 2.79(0.42)Da 5.84(0.10)a 0.17(0.00)a 6.76(0.59)a
)Ab 7.16(0.22)Ab 56.83(17.09)b 1.54(0.75)b 68.95(23.54)b
)Ab 7.84(1.01)Ab 48.24(20.74)b 1.13(0.65)ab 67.70(32.90)b
)Ab 6.27(2.45)Aab 34.71(10.62)ab 0.88(0.53)ab 44.14(14.76)b
)Ab 6.43(2.75)Aab 45.26(25.88)b 1.00(0.56)ab 55.35(32.54)b
)Ca 3.57(0.30)Da 6.99(0.34)a 0.18(0.00)a 8.02(0.40)a
)Ab 7.81(2.44)Ab 49.46(14.92)a 1.20(0.43)a 57.11(19.37)b
)Aab 6.23(2.31)Aab 48.16(32.13)a 1.54(1.23)a 56.94(40.03)b
)Bab 4.47(1.74)Bab 19.99(6.73)a 0.59(0.23)a 23.12(6.94)ab
)Ab 6.10(2.33)Aab 39.31(29.99)a 0.91(0.75)a 44.84(34.99)b
)Aa 3.83(1.45)Ba 6.51(2.07)a 0.17(0.01)a 6.99(2.12)a
)Aa 7.17(1.67)Aa 36.48(27.15)a 0.99(0.88)a 42.23(33.78)a
)Aa 6.13(2.94)Aa 29.00(30.74)a 0.82(0.99)a 33.24(36.71)a
)BCa 5.26(3.18)Ca 13.70(4.18)a 0.30(0.17)a 15.01(4.67)a
)Aa 5.95(3.95)Aa 30.83(31.07)a 0.63(0.59)a 33.16(33.69)a
)Aa 3.38(1.30)Ba 5.60(0.80)a 0.16(0.01)a 5.91(0.59)a
)Aa 6.98(4.40)Aa 21.15(14.22)a 0.38(0.13)a 22.86(14.78)a
)Aa 6.00(3.29)Aa 17.84(17.45)a 0.35(0.28)a 21.61(23.08)a
)Ba 4.65(2.04)Ca 8.79(3.49)a 0.19(0.02)a 9.72(3.46)a
)Aa 5.89(4.78)Aa 21.34(21.10)a 0.41(0.31)a 22.95(22.85)a
)Ba 2.73(0.47)Ca 4.05(0.14)a 0.15(0.01)a 4.44(0.10)a
)Aa 5.94(5.61)Aa 13.42(10.78)a 0.22(0.06)a 15.74(13.72)a
)Aa 5.51(3.91)Aa 13.76(13.62)a 0.27(0.14)a 16.47(17.51)a
)Ba 4.13(2.13)Ca 7.89(2.44)a 0.19(0.02)a 8.62(2.63)a
)Ba 5.17(2.28)Ba 14.25(9.06)a 0.25(0.10)a 16.42(11.26)a
are not signiﬁcantly different (p b 0.05) in between one soil horizon in different landuses;
5) in between one soil horizon in different aggregate sizes. FL = farmland, NGL = natural
land.
Table 3
The characteristic of soil aggregate organic carbon content under different land uses (g·kg−1).
Land use 5–10 mm 2–5 mm 1–2 mm 0.5–1 mm 0.25–0.5 mm
0–5 cm
FL 0.00Aa 12.23(4.51)Ba 15.12(5.49)Ba 13.86(4.55)Ba 9.44(3.11)ABa
NGL 19.22(1.07)Ab 17.31(4.77)Aab 17.58(3.71)Aab 21.60(8.64)Aab 20.80(8.09)Aab
SL 29.80(12.27)Ab 27.49(7.95)Ab 29.66(10.26)Ab 31.68(12.06)Ab 27.96(5.21)Ab
ASL 20.09(6.57)Ab 24.19(4.07)Ab 23.80(5.26)Aab 25.56(5.83)Aab 21.58(6.74)Ab
AL 20.27(4.37)Ab 21.75(5.86)Aab 23.27(6.66)Aab 21.19(5.65)Aab 20.20(2.68)Aab
5–20 cm
FL 0.00Aa 11.55(3.09)Ba 13.99(5.73)Ba 13.78(5.10)Ba 9.80(4.47)ABa
NGL 13.76(4.09)Ab 12.40(1.11)Aa 12.59(0.18)Aa 12.67(0.35)Aa 11.65(1.31)Aa
SL 14.77(4.03)Ab 21.09(5.04)Ab 15.64(3.88)Aa 13.07(4.68)Aa 11.80(6.12)Aa
ASL 8.49(2.10)Ab 10.73(3.37)Aa 10.15(3.67)Aa 10.00(3.04)Aa 9.02(3.07)Aa
AL 10.42(5.94)Ab 12.29(5.17)Aa 12.13(4.01)Aa 13.51(3.65)Aa 11.58(5.91)Aa
20–40 cm
FL 0.00Aa 4.64(1.64)ABa 5.65(0.10)ABa 6.84(2.93)Ba 7.71(3.98)Ba
NGL 5.89(4.54)Aab 9.98(1.84)Aa 5.65(5.59)Aa 6.02(6.54)Aa 5.82(3.58)Aa
SL 6.41(5.89)Aab 11.57(1.43)Aa 6.53(4.70)Aa 7.95(1.99)Aa 7.62(5.35)Aa
ASL 7.24(4.92)Aab 6.65(5.37)Aa 7.96(2.64)Aa 5.80(1.85)Aa 5.64(1.58)Aa
AL 13.53(1.20)Ab 11.35(4.34)Aa 9.72(4.73)Aa 9.48(6.50)Aa 9.80(4.17)Aa
40–60 cm
FL 0.00Aa 3.55(0.49)Ba 4.75(2.12)Ba 5.70(0.79)Ba 4.55(0.51)Ba
NGL 6.18(0.78)Aa 4.98(1.18)Aa 4.24(1.35)Aa 4.34(0.86)Aa 4.78(1.11)Aa
SL 6.14(5.51)Aa 10.90(8.50)Aa 6.28(1.32)Aa 5.97(1.74)Aa 5.93(2.04)Aa
ASL 0.57(1.27)Aa 6.06(2.71)Ba 4.50(2.10)Ba 4.67(2.70)Ba 6.22(0.73)Ba
AL 6.69(6.44)Aa 7.67(3.52)Aa 6.98(2.06)Aa 8.35(1.35)Aa 7.90(2.76)Aa
60–100 cm
FL 0.00Aa 6.04(1.33)Ba 6.24(1.16)Ba 4.76(2.65)Ba 4.42(0.49)Ba
NGL 0.00Aa 3.74(3.85)Aa 4.05(0.86)Aa 2.44(1.70)Aa 2.32(0.81)Aa
SL 3.08(5.34)Aa 10.92(13.72)Aa 5.29(1.78)Aa 5.17(3.12)Aa 5.25(2.16)Aa
ASL 1.58(2.94)Aa 3.46(3.67)ABa 7.47(4.06)Ba 5.66(4.62)ABa 5.65(3.36)ABa
AL 3.62(6.26)Aa 4.11(4.09)Aa 5.49(2.27)Aa 4.19(2.89)Aa 6.04(1.87)Aa
Means and standard errors.Within columns, values followed by the same lowercase letter (a–d) are not signiﬁcantly different (p b 0.05) in between one soil horizon in different landuses;
within rows, values followed the same capital letter (A–D) are not signiﬁcantly different (p b 0.05) in between one soil horizon in different aggregate sizes. FL = farmland, NGL = natural
grassland, SL = shrub forestland, ASL = arbor–shrub mixed forestland and AL = arbor forestland.
23M.-Y. Liu et al. / Catena 115 (2014) 19–28Comparedwith FL, the soilWSAR under NGL, SL, ASL and AL signiﬁcant-
ly increased by 920%, 901%, 553% and 719%, respectively at the 0–5 cm
depth (P b 0.05). At the 5–20 cm depth, compared with FL, the soil
WSAR under NGL, SL and AL signiﬁcantly increased by 612%, 610% and
459%, respectively (P b 0.05), and increased by 188% under ASL
(P N 0.05). There were no signiﬁcant differences among different land
uses in MWD below the 5 cm depth and in WSAR below the 20 cm
depth (P N 0.05).3.3. Effect of land use on soil aggregate organic carbon (aggregate SOC)
content
The effect of land use on aggregate SOC contentwas signiﬁcant at the
depths of 0–5, 5–20 and 20–40 cm(Table 3). At these depths, the aggre-
gate SOC content under ﬁve land uses followed the decreasing sequence
SL N AL N NGL N ASL N FL (Table 3). At the 0–5 and 5–20 cm depths,
the aggregate SOC content under SL was signiﬁcantly higher than that
under FL (P b 0.05). However, there were no signiﬁcant differences in
the aggregate SOC content among other land uses (P N 0.05). Below
the 20 cm depth, the aggregate SOC content under AL was the highest,
but no signiﬁcant difference (P N 0.05) was found among the different
land uses. The aggregate SOC content differed among the aggregate
size fractions. In the topsoil, the SOC of the 0.5–2 mm macro-
aggregates was the highest in the ﬁve land uses, whereas that of
the 0.25–0.5 mm fraction was the lowest. In the subsoil, the SOC
content was greater in the 1–5 mm aggregates for all land uses.
Under FL, SOC tended to concentrate in b1 mm aggregates, whereas
SOC tended to concentrate in N1 mm aggregates under other land
uses.Under different land uses, the proportion of soil aggregate SOC
varied primarily in the top 40 cm (Table 4). The difference in this
proportion between FL and NGL was greater than that among
other land use types in the entire proﬁle. At the 0–5 cm depth, the pro-
portion of N0.25 mm aggregate SOC followed the decreasing sequence
of NGL N AL = SL N ASL N FL. Compared with FL, the proportions of
N0.25 mm aggregate SOC signiﬁcantly increased by 837%, 652%, 650%
and 560% for NGL, AL, SL and ASL, respectively (P b 0.05), but these pro-
portions did not differ signiﬁcantly among other land uses (P N 0.05).
There were no signiﬁcant differences in the proportions of N0.25 mm
aggregate SOC in the depths below 5 cm among the ﬁve land use
types (P N 0.05). Theproportion of 0.5–1 mmaggregate SOCwas higher
under NGL, AL, SL and ASL than other fractions, whereas the proportion
of 0.25–0.5 mm aggregate SOC was lower. The highest proportions of
0.25–0.5 mmaggregates occurred under FL. Under forestland and grass-
land, the aggregate SOC tended to concentrate in the 0.5–2 mm aggre-
gates, whereas the aggregate SOC tended to concentrate in the smaller
aggregates under FL.3.4. Effect of land use on easily oxidizable organic carbon in aggregates
(aggregate EOC)
The effect of land use on soil aggregate EOC content was signiﬁcant
at the 0–60 cm depth (Table 5). At the 0–5 cm depth, the aggregate
EOC content under FL was signiﬁcantly lower than that under SL and
ASL (P b 0.05). At the 5–20 cm and 20–40 cm depths, the aggregate
EOC content under NGL and SL was higher than that under other land
uses. Below the 40 cm soil depth, the aggregate EOC content under SL
was the highest. The aggregate EOC content differed with different
Table 4
The characteristic of proportions of soil aggregate organic carbon under different land uses (%).
Land use 5–10 mm 2–5 mm 1–2 mm 0.5–1 mm 0.25–0.5 mm
0–5 cm
FL 0.00Aa 0.44(0.15)ABa 0.88(0.65)ABa 2.10(1.24)Ba 1.99(0.72)Ba
NGL 8.58(6.75)Ab 9.45(6.82)Aa 10.78(3.80)Aab 15.11(10.61)Aa 6.73(3.37)Ab
SL 3.99(3.55)Aab 9.03(6.49)Aa 9.58(4.73)Aab 11.40(1.70)Aa 6.54(1.40)Aab
ASL 3.64(3.67)Aab 4.45(2.38)Aa 9.52(5.10)ABab 12.18(7.70)Ba 5.88(2.55)ABab
AL 3.06(1.64)Aab 8.96(7.89)Aa 11.90(5.90)Ab 11.07(4.90)Aa 5.67(1.93)Aab
5–20 cm
FL 0.00Aa 0.55(0.18)ABa 0.94(0.59)ABCa 2.40(1.10)BCa 2.89(1.41)Ca
NGL 4.62(2.57)Aa 6.46(4.32)Aa 10.01(5.75)Aa 8.19(3.68)Aa 4.93(2.46)Aa
SL 7.91(8.21)Aa 12.11(10.13)Aa 8.44(6.73)Aa 6.21(3.64)Aa 3.95(2.16)Aa
ASL 3.52(2.33)ABa 2.05(1.51)Aa 4.36(2.05)ABa 5.18(2.21)Ba 3.65(1.79)ABa
AL 2.17(1.63)Aa 8.17(7.01)Aa 8.96(6.48)Aa 9.41(7.18)Aa 5.75(4.99)Aa
20–40 cm
FL 0.00Aa 0.16(0.05)Aa 0.51(0.33)Aa 1.54(1.41)Aa 4.31(4.38)Aa
NGL 3.63(4.49)Aa 4.18(3.68)Aa 4.44(5.33)Aa 4.56A(5.19)Aa 3.40(1.39)Aa
SL 3.53(5.84)Aa 4.19(6.14)Aa 1.30(0.71)Aa 3.58(3.81)Aa 3.68(4.01)Aa
ASL 0.69(1.04)ABa 0.39(0.29)Aa 1.66(0.58)ABCa 2.69(1.57)BCa 3.38(2.73)Ca
AL 1.63(1.76)Aa 5.65(7.00)Aa 7.11(7.64)Aa 8.79(8.29)Aa 5.33(3.79)Aa
40–60 cm
FL 0.00Aa 0.09(0.09)Aa 0.32(0.10)ABa 1.11(0.40)ABa 2.20(1.57)Ba
NGL 1.28(0.37)Ab 1.12(0.35)Aa 2.77(1.91)ABa 4.77(1.54)Ba 5.06(0.35)Ba
SL 0.48(0.65)Aab 1.35(1.58)Aa 1.50(1.58)Aa 3.33(4.46)Aa 3.12(2.40)Aa
ASL 0.03(0.07)Aa 0.39(0.37)Aa 0.43(0.16)Aa 1.78(2.16)Aa 3.57(1.84)Ba
AL 0.76(0.77)Aab 3.87(6.15)Aa 4.20(5.44)Aa 6.63(6.42)Aa 4.90(4.38)Aa
60–100 cm
FL 0.00Aa 0.13(0.14)Aa 0.27(0.09)Aa 0.56(0.42)Aa 1.67(0.19)Ba
NGL 0.00Aa 0.38(0.37)ABa 1.59(0.37)BCa 1.59(0.34)BCa 2.02(0.94)Ca
SL 0.19(0.33)Aa 0.56(0.31)Aa 2.14(3.23)Aa 1.73(1.70)Aa 2.87(1.37)Aa
ASL 0.12(0.25)Aa 0.18(0.15)Aa 0.86(0.51)Aa 1.53(1.41)ABa 3.40(3.44)Ba
AL 0.25(0.44)Aa 0.90(1.36)Aa 1.90(1.94)Aa 3.82(4.41)Aa 4.20(2.79)Aa
Means and standard errors.Within columns, values followed by the same lowercase letter (a–d) are not signiﬁcantly different (p b 0.05) in between one soil horizon in different landuses;
within rows, values followed the same capital letter (A–D) are not signiﬁcantly different (p b 0.05) in between one soil horizon in different aggregate sizes. FL = farmland, NGL = natural
grassland, SL = shrub forestland, ASL = arbor–shrub mixed forestland and AL = arbor forestland.
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aggregate EOC in the 0.5–1 mm aggregates was the highest under FL,
NGL, SL and ASL, whereas that in the 2–5 mm aggregates was the
highest under AL. Below the 5 cm depth, compared to that in other
sizes, the aggregate EOC in the 2–5 mm aggregates was the highest
under SL, ASL and AL, and that in the 5–10 mm aggregates was the
highest under NGL, whereas that in the 1–2 mm aggregates was the
highest under FL. These results showed that the aggregate EOC tended
to concentrate in the N2 mm size aggregates under SL, ASL, AL and
NGL, whereas it tended to concentrate in the 1–2 mm size aggregates
under FL.
The proportions of soil aggregate EOC in aggregate SOC showed that
the difference among ﬁve land uses gradually increasedwith increasing
depth (Table 6). The proportions of soil aggregate EOC in aggregate SOC
under NGL, SL, ASL and AL were higher than that under FL. The propor-
tions of soil aggregate EOC in aggregate SOC in the 5–10 mm, 2–5 mm
and 1–2 mm aggregates were higher than those of other fractions
under forestland and grassland, and that of the 0.25–0.5 mm size
was lower, whereas under FL the proportions of 0.25–0.5 mm and
1–2 mmwere higher than that of other fractions. For the entire pro-
ﬁle, under NGL, SL and AL, the aggregate EOC tended to concentrate
in the N2 mm aggregates. Under FL and ASL, the aggregate EOC
concentrated in the 0.25–0.5 mm aggregates in the top layer.
Under FL, the aggregate EOC tended to concentrate in the 1–2 mm
aggregates with increasing depth, whereas it tended to concentrate
in the 2–5 mm aggregates under ASL.
Signiﬁcant differences in the aggregate EOC content of all sizes in
1 kg bulk soil (total macro-aggregate EOC content) under the ﬁve land
use patterns at 0–20 cm depth were shown in Fig. 2. At the 0–5 cm
depth, compared to that of FL, the total macro-aggregate EOC contentof the soil under NGL, SL, ASL and AL signiﬁcantly increased by 1641%,
2470%, 1458% and 1474%, respectively (P b 0.05), whereas no signiﬁ-
cant differences were found among NGL, SL, ASL and AL (P N 0.05).
The macro-aggregate EOC content under NGL and SL was higher
than that under FL by 800% and 1124%, respectively (P b 0.05) at the
5–20 cm depth. At the depths below 20 cm, no signiﬁcant differences
in total macro-aggregate EOC content were found among different
land uses (P N 0.05). Overall, the results showed that the macro-
aggregate EOC content underNGL, SL andALwas relatively high,where-
as that under FL and ASL was relatively low.
The proportions of total macro-aggregate EOC in soil EOC showed
that the difference among the ﬁve land uses gradually decreased with
the increasing depth (Fig. 2). This difference was found primarily at
the 0–40 cm depth. At the 0–5 cm depth, compared with that under
FL, the proportions of total aggregate EOC in soil EOC under NGL, SL,
ASL and AL signiﬁcantly increased by 528%, 657%, 405% and 430%,
respectively (P b 0.05). The proportions under NGL and SL were
higher than that under FL by 344% and 531%, respectively (P b 0.05)
(at 5–20 cm), and that under NGL was higher than that under FL by
339% (P b 0.05) (at 20–40 cm). Below the 40 cm depth, there were no
signiﬁcant differences in the proportions of total aggregate EOC in soil
EOC among the ﬁve land uses (P N 0.05).
4. Discussions
4.1. Water-stable aggregates, carbon and aggregate size
Our results showed that the amount of aggregates in forestland and
grassland was signiﬁcantly higher than that in farmland. These ﬁndings
agreed with those of a previous study by John et al. (2005). John et al.
Table 5
The characteristic of soil aggregate EOC content under different land uses (g·kg−1).
Land use 5–10 mm 2–5 mm 1–2 mm 0.5–1 mm 0.25–0.5 mm
0–5 cm
FL 0.00Aa 5.01(1.99)BCa 5.34(0.11)Ca 5.42(0.35)Ca 3.82(0.23)Ba
NGL 7.53(0.53)Ab 7.49(1.35)Aab 7.77(0.71)Aab 8.72(2.83)Aab 8.22(2.65)Aab
SL 14.19(3.08)Ac 13.72(4.56)Ab 14.09(4.02)Ac 15.23(4.13)Ac 13.28(2.65)Ab
ASL 9.78(3.81)Abc 11.68(2.41)ABb 11.73(2.36)ABbc 12.94(2.59)Bbc 10.81(3.47)ABb
AL 8.11(1.61)Ab 10.16(3.93)Aab 10.01(3.72)Aabc 9.55(3.48)Aabc 8.76(2.89)Aab
5–20 cm
FL 0.00Aa 4.10(1.04)BCa 4.96(1.14)BCa 5.10(1.32)Ca 3.25(1.19)Ba
NGL 6.07(2.34)Abc 5.57(1.48)Aab 5.17(1.78)Aa 5.33(2.03)Aa 4.97(1.63)Aa
SL 6.87(1.91)Ac 8.42(2.65)Ab 6.33(1.73)Aa 5.93 (2.16)Aa 5.53(2.81)Aa
ASL 4.03(0.62)ABbc 6.10(1.06)Dab 5.17(0.80)Ca 4.73(1.07)BCa 3.86(0.94)Aa
AL 3.71(2.02)Ab 4.13(2.14)Aa 4.50(2.12)Aa 4.38(2.19)Aa 3.83(2.55)Aa
20–40 cm
FL 0.00Aa 1.25(0.50)Ba 2.27(0.86)Ca 2.24(0.69)Ca 1.97(0.43)BCa
NGL 5.52(1.00)Ab 4.67(0.96)Ab 3.80(1.52)Aa 3.40(1.65)Aa 3.19(2.22)Aa
SL 2.59(2.67)Aab 4.92(1.08)Bb 3.45(0.90)ABa 3.15(1.35)ABa 2.70(1.90)Aa
ASL 2.78(2.41)Aab 4.07(1.38)Bb 3.00(0.42)ABa 2.67(0.22)Aa 2.24(0.41)Aa
AL 3.77(1.41)Aab 4.06(0.88)Ab 3.46(1.20)Aa 3.31(1.46)Aa 2.79(1.47)Aa
40–60 cm
FL 0.00Aa 0.86(0.05)Ba 1.49(0.74)Ca 1.16(0.25)BCa 1.13(0.15)BCa
NGL 2.99(0.40)Ca 2.69(0.80)BCab 2.38 (0.51)ABCab 1.97(0.24)ABab 1.69(0.62)Aa
SL 2.62(2.27)Aa 6.05(5.40)Bb 3.08(0.77)Ab 2.46(0.60)Ab 1.88(0.87)Aa
ASL 0.11(0.24)Aa 1.49(0.29)Bab 2.00(0.50)Dab 1.83(0.35)CDab 1.63(0.31)BCa
AL 2.20(2.20)Aa 2.84(0.69)Aab 2.56(0.60)Aab 2.47(0.67)Ab 2.17(0.70)Aa
60–100 cm
FL 0.00Aa 2.85(2.37)Ba 3.14(2.70)Ba 1.47(0.61)ABa 1.10(0.07)ABa
NGL 0.00Aa 3.47(2.33)Ba 2.22(0.86)Ba 2.00(0.59)Ba 1.46(0.61)ABa
SL 1.07(1.86)Aa 5.92(7.84)Ba 2.52(0.72)ABa 2.19(0.40)ABa 1.64(0.59)Aa
ASL 1.37(2.92)Aa 2.06(1.16)Aa 2.03(0.72)Aa 1.78(0.40)Aa 1.54(0.27)Aa
AL 1.32(2.29)Aa 2.66(0.84)Aa 2.18(0.74)Aa 2.14(0.66)Aa 1.87(0.53)Aa
Means and standard errors.Within columns, values followed by the same lowercase letter (a–d) are not signiﬁcantly different (p b 0.05) in between one soil horizon in different landuses;
within rows, values followed the same capital letter (A–D) are not signiﬁcantly different (p b 0.05) in between one soil horizon in different aggregate sizes. FL = farmland, NGL = natural
grassland, SL = shrub forestland, ASL = arbor–shrub mixed forestland and AL = arbor forestland.
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wheat b maize b grassland b forest; the differences between wheat
and maize and between forest and grassland were not signiﬁcant.
Using a similar method, our result indicated signiﬁcantly higher MWD
and WSAR in NGL soils and soils under other undisturbed land uses
compared with conventional tillage (i.e., compared with farmland, the
MWD and WSAR under other land uses increased by more than 400%
and 500%, respectively at the 0–5 cm depth). Wander and Bollero
(1999) observed a 100% increase in MWD in New Zealand soil.
Shepherd et al. (2001) observed a decline inMWDby 64–71% frompas-
ture land use after 4 year of cropping.
Important differences among land uses were found in the size and
distribution of aggregates. Various authors have reported that tillage de-
stroys water-stable aggregates and affects the larger aggregates, which
are considered less stable (Kay, 1990; Tisdall and Oades, 1982; Van
Veen and Paul, 1981). Our results showed that the aggregates distribut-
ed in macro-aggregates, in particular those N1 mm, were destroyed by
tillage. Furthermore, Six et al. (2000) found that at three out of four
sites, the most abundant aggregate fraction was 0.053–0.25 mm under
conventional use and 0.25–1 mmunder no tillage. Our research indicat-
ed that at the depth of 0–5 cm in FL, 48% of the aggregates were in
the0.25–0.5 mm fractions. Under NGL, SL, ASL and AL, the proportions
of the 0.25–0.5 mmaggregatewere 13%, 16%, 18% and 14%, respectively,
whereas those of the 0.5–2 mmaggregateswere 50%, 50%, 53% and 56%,
respectively. Our results suggest that plant restoration can improve the
formation of the 0.5–2 mm aggregates.
MWD, WSAR and the amount of N0.25 mm aggregate were greater
in the top 5 cm layer and decreased with soil depth. However, this ten-
dency was different for different land uses. The decrease was more
marked under ASL than other land uses. It is possible that this differencewas due to the decrease in plant biomass input. However, this trend
was different under FL. Speciﬁcally, the amount of soil aggregates at
the 5–20 cm and 20–40 cm depths increased slightly in comparison
with the 0–5 cm depth. Most likely, this difference was due to tillage
disturbances occurring on the surface. At the depth of 0–20 cm, the
N0.25 mm aggregates under ASL decreased sharply, but almost no
changes were found under SL. At the 20–100 cm depth, the N0.25 mm
aggregates under NGL decreased more than under other land uses,
and these aggregates decreased least under FL. The same tendency
was observed for the carbon contents.
4.2. Soil EOC, aggregate SOC, aggregate EOC and aggregate size
Tisdall and Oades (1982) and Hassink (1997) proposed the concept
that the addition of organic matter to soils ﬁrst results in the formation
of SOM associations with clay and silt particles. The formation of micro-
aggregates (b250 μm) and macro-aggregates (N250 μm) begins if the
SOM binding capacity of the clay and silt fraction is saturated. Thus, as
speciﬁed by the concept of aggregate hierarchy, micro-aggregates are
bound together into macro-aggregates by transient binding agents
(i.e., microbial- and plant-derived polysaccharides) and temporary
binding agents (roots and fungal hyphae) (Six et al., 2000). This princi-
ple is based on at least three types of evidence. First, the consequence of
this aggregate hierarchy is an increase in C content with increasing
aggregate-size class because larger aggregate-size classes are composed
of smaller aggregate-size classes in combination with organic binding
agents. We also found that in forest and grassland soils, the lowest
SOC content of the N0.25 mm size aggregates occurred in the 0.25–
0.5 mm aggregate fraction, whereas a higher SOC content occurred in
the 2–5 and 1–2 mm aggregate fraction. Second, micro-aggregates
Table 6
The characteristic of proportions of soil aggregate EOC in aggregate organic carbon under different land uses (%).
Land use 5–10 mm 2–5 mm 1–2 mm 0.5–1 mm 0.25–0.5 mm
0–5 cm
FL 0.00Aa 40.72(1.27)Ba 37.63(12.94)Ba 40.87(10.92)Ba 42.33(11.53)Ba
NGL 39.15(0.56)Ab 43.86(4.26)Aa 44.80(5.44)Aa 41.01(3.30)Aa 40.09(2.84)Aa
SL 50.36(10.65)Ab 49.66(3.53)Aa 48.30(3.85)Aa 49.49(5.79)Aa 47.45(1.78)Aa
ASL 48.05(2.77)Ab 48.37(5.73)Aa 49.50(1.90)Aa 50.99(3.78)Aa 50.18(3.64) Aa
AL 41.28(11.03)Ab 46.18(10.52)Aa 42.63(7.94)Aa 44.36(7.60)Aa 43.20(12.89)Aa
5–20 cm
FL 0.00Aa 35.58(0.51)Ba 36.90(6.99)Ba 37.85(4.45)Ba 33.89(3.31)Ba
NGL 43.48(4.11)Ab 45.70(16.04)Aab 41.14(14.78)Aa 41.86(14.84)Aa 42.13(9.28)Aa
SL 46.74(5.80)Bb 39.65(7.44)Aab 40.30(1.75)ABa 45.41(3.71)ABa 47.19(2.35)Ba
ASL 48.83(8.87)ABb 59.95(12.84)Bb 56.72(22.07)ABa 48.42(5.65)ABa 46.06(13.76)Aa
AL 40.55(16.45)Ab 34.17(9.26)Aa 36.63(7.97)Aa 32.14(11.16)Aa 33.53(10.67)Aa
20–40 cm
FL 0.00Aa 30.74(21.55)Ba 39.98(14.47)Ba 33.67(4.36)Ba 27.91(8.89)Ba
NGL 73.08(28.55)Bb 46.71(1.01)Aa 42.23(11.96)Aa 36.53(8.99)Aa 53.16(5.44)ABb
SL 25.93(23.61)Aa 42.30(5.77)Ba 36.43(8.33)ABa 38.65(6.44)AB 36.16(6.11)ABa
ASL 29.01(18.73)Aa 55.75(17.45)Ba 42.36(18.98)ABa 49.64(14.72)Ba 40.95(8.15)ABab
AL 27.40(8.27)Aa 40.79(20.31)Aa 41.06(19.18)Aa 42.70(23.42)Aa 28.39(5.77)Aa
40–60 cm
FL 0.00Aa 24.62(4.96)Ca 31.10(1.61)Da 20.16(1.67)Ba 24.79(0.46)Ca
NGL 49.13(12.61)Ab 53.61(3.34)Aa 57.24(6.17)Aa 46.92(14.87)Aa 37.80(21.75)Aa
SL 28.93(25.55)Aab 53.07(14.78)Ba 49.58(10.55)Ba 41.62(2.45)ABa 32.08(9.13)Aa
ASL 3.80(8.50)Aa 29.20(16.42)Ba 54.63(31.53)Ca 46.83(19.06)Ca 26.29(4.09)Ba
AL 21.64(18.82)Aab 41.33(19.12)Ba 37.67(8.94)ABa 29.17(4.05)ABa 31.56(18.15)ABa
60–100 cm
FL 0.00Aa 43.87(29.65)ABab 47.07(34.54)Ba 40.96(35.72)ABab 25.08(4.35)ABa
NGL 0.00Aa 84.84(8.12)Bb 58.48(33.77)Ba 64.10(29.53)Bb 56.31(29.46)Ba
SL 11.61(20.10)Aa 49.17(6.07)aBb 50.95(17.50)Ba 49.11(17.95)Bab 37.69(28.03)Ba
ASL 23.87(42.14) Aa 28.53(10.98)Aa 23.25(3.06) Aa 24.59(5.12)Aa 26.91(8.49)Aa
AL 12.20(21.13) Aa 52.84(40.60)Bab 48.21(33.15)Ba 38.86(12.05)ABab 31.17(0.99)ABa
Means and standard errors.Within columns, values followed by the same lowercase letter (a–d) are not signiﬁcantly different (p b 0.05) in between one soil horizon in different landuses;
within rows, values followed the same capital letter (A–D) are not signiﬁcantly different (p b 0.05) in between one soil horizon in different aggregate sizes. FL = farmland, NGL = natural
grassland, SL = shrub forestland, ASL = arbor–shrub mixed forestland and AL = arbor forestland.
26 M.-Y. Liu et al. / Catena 115 (2014) 19–28(b250 μm) are assumed to be stabilized by more persistent SOM,
whereas macro-aggregates (N250 μm) are considered to result from
the binding of micro-aggregates by generally young organic materials,
such as roots and hyphae. This concept is supported by the observations
that slaking-resistant macro-aggregates (N250 μm) contain more or-
ganic matter than micro-aggregates (b250 μm) and that younger,
more labile organic matter is abundant in macro-aggregates but not in
micro-aggregates (Cambardella and Elliott, 1993; Jastrow et al., 1996;
Puget et al., 1995). We obtained a similar result, namely, that the pro-
portions of soil aggregate EOC in aggregate SOC in 5–10 mm, 2–5 mm
and 1–2 mm aggregates were higher than that of other fractions
under forestland and grassland, whereas the corresponding proportion
in the 0.25–0.5 mm aggregate was lower. Third, fresh humus is tempo-
rarily ﬁxed in the process of the formation of large aggregates. Conver-
sion to a more stable form then occurs. Consistent with this principle,
our study showed that in the top layer, the proportions of macro-
aggregate EOC in soil EOC under forestland and grassland were greater
than 50%, especially under SL (for 77%).4.3. Land use effects
Because the inputs of particular types of plant biomass, such as litter
and ﬁne roots, into the soil are very different under different land uses,
the resulting aggregate content and fraction of organic carbon are also
signiﬁcantly different (Lehmann et al., 2000; Shepherd et al., 2001; Six
et al., 1999). The results of this study showed that the aggregate,
MWD and WSAR, the aggregate SOC and the aggregate EOC content
were higher in forestland and grassland than in farmland. Accordingly,
the proportions of aggregate SOC and the proportions of aggregateEOC were higher in forestland and grassland than in farmland. The rea-
sons for these differences were that the organic matter under farmland
was completely decomposed and the amount of biomass under farm-
land was less than that under other land uses. Furthermore, the signiﬁ-
cant decrease in EOC content, aggregate content and aggregate carbon
fractions in the entire proﬁle indicated that the C balance in the Loess
Plateau soil was very fragile and that soil disturbance on farmland
caused a marked loss of SOC.
Land use could affect the tendency of SOC to concentrate in the ag-
gregates. Our results showed that the proportion of 0.5–1 mm aggre-
gate SOC was higher under forestland and grassland than that of the
other fractions, whereas the proportion of 0.25–0.5 mm aggregate
SOC was lower. However, the proportion of 0.25–0.5 mm aggregate
SOC was the highest under farmland. Accordingly, SOC tended to con-
centrate in the 0.5–2 mm aggregates under forestland and grassland,
whereas it tended to concentrate in the smaller aggregates under
farmland. Our results also showed that EOC tended to concentrate in
the 2–5 mm and 1–2 mm aggregates under forestland and grassland,
whereas it tended to concentrate in the 1–2 mm, 0.5–1 mm and 0.25–
0.5 mm aggregates under farmland. These conclusions were consistent
with the formation and conversion of aggregates.4.4. Relationships among carbon fractions
Several studies have found good correlations between carbohydrate
content and soil macro-aggregate stability (Haynes and Francis, 1993;
Haynes and Swift, 1990); it is well established that aggregate stability
is related to soil organic matter composition (Franzluebbers et al.,
2000; Haynes and Francis, 1993; Piccolo and Mbagwu, 1999; Tisdall
Fig. 2. The characteristic of soil aggregate EOC under different land uses. Means and standard errors. Within same soil depth, values followed by the same lowercase letter (a–d)
are not signiﬁcantly different (p b 0.05) in different land uses. FL = farmland, NGL = natural grassland, SL = shrub forestland, ASL = arbor–shrub mixed forestland and
AL = arbor forestland.
27M.-Y. Liu et al. / Catena 115 (2014) 19–28and Oades, 1982). Soil organic matter is a complex entity, comprising a
range of humiﬁed and biologically active compounds and including
readily decomposable organic matter, plant litter, root-derived organic
matter and dead and living organisms. Accordingly, aggregate content
showed a highly signiﬁcant positive correlation with soil EOC and SOC
(P b 0.01) (Table 7).
In addition to carbohydrates, organic components that may be
involved in soil aggregation include humic substances (Tisdall and
Oades, 1982), hyphae and glomalin (Franzluebbers et al., 2000)
and microbial biomass C (Chan and Heenan, 1999). Our results
(Table 7) showed that for the same aggregate size, aggregate SOC
content and aggregate EOC content all increased with the total SOC
and EOC content of the soil. Highly signiﬁcant positive correlations
(P b 0.01) were found between the SOC stored in aggregates, the
EOC stored in aggregates and EOC, SOC. The correlations between
aggregate EOC and soil EOC were greater than those between aggre-
gate EOC and soil SOC, and the correlations between aggregate SOC
and EOC were greater than those between of aggregate SOC and
SOC. The correlation coefﬁcients between SOC and SOC stored in ag-
gregates, between SOC and EOC stored in aggregates, between EOC
and SOC stored in aggregates, between EOC and EOC stored in aggre-
gates gradually decreased as the grain size increased. Thus, the
change in the relationship between carbohydrates and structural
stability with sizes and land use patterns indicated that different or-
ganic components would affect soil aggregation and its organic frac-
tions at different depths.5. Conclusions
We concluded that land- use strongly affected the amount of bio-
mass input into the soil. Speciﬁcally, the occurrence of aggregates, ag-
gregate SOC and aggregate EOC under grassland and forestland were
normally higher than that under farmland. Furthermore, conventional
cultivation destroyed aggregates. The dominant aggregate size fractions
under farmland were b0.5 mm, whereas the dominant aggregate size
fractions under grassland and forestland were N0.5 mm.
Because aggregate formation was associated with increased carbon
storage, an increase in the SOC andEOC contentwould correspond to in-
creasing aggregate- size. Accordingly, the organic carbon fractions in
different aggregate sizes varied among the ﬁve land uses. In farmland,
SOC and EOC tended to concentrate in b1 mm macro-aggregates,
whereas they tended to concentrate in N1 mm macro-aggregates
under grassland and forestland. EOC tended to concentrate in larger ag-
gregates than SOC. The small fractions of aggregates formed large frac-
tions by combining with fresh organic matter, and the ﬁxed organic
carbon in the smaller aggregates was more stable. So converting slope
farmland to forestland and grassland could improve the storage and
quality of SOC, and the tendency of SOC transfer.
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Table 7
Correlation coefﬁcients between aggregate stability and organic C fractions.
Aggregate size Correlations EOC SOC
Aggregate content 5–10 mm Pearson correlation 0.453⁎⁎ 0.333⁎
Signiﬁcance 0.001 0.013
2–5 mm Pearson correlation 0.609⁎⁎ 0.461⁎⁎
Signiﬁcance 0.000 0.000
1–2 mm Pearson correlation 0.716⁎⁎ 0.579⁎⁎
Signiﬁcance 0.000 0.000
0.5–1 mm Pearson correlation 0.723⁎⁎ 0.603⁎⁎
Signiﬁcance 0.000 0.000
0.25–0.5 mm Pearson correlation 0.455⁎⁎ 0.336⁎
Signiﬁcance 0.000 0.012
N0.25 mm Pearson correlation 0.710⁎⁎ 0.590⁎⁎
Signiﬁcance 0.000 0.000
Aggregate SOC content 5–10 mm Pearson correlation 0.773⁎⁎ 0.723⁎⁎
Signiﬁcance 0.000 0.000
2–5 mm Pearson correlation 0.641⁎⁎ 0.570⁎⁎
Signiﬁcance 0.000 0.000
1–2 mm Pearson correlation 0.891⁎⁎ 0.839⁎⁎
Signiﬁcance 0.000 0.000
0.5–1 mm Pearson correlation 0.903⁎⁎ 0.850⁎⁎
Signiﬁcance 0.000 0.000
0.25–0.5 mm Pearson correlation 0.936⁎⁎ 0.889⁎⁎
Signiﬁcance 0.000 0.000
Aggregate EOC content 5–10 mm Pearson correlation 0.772⁎⁎ 0.672⁎⁎
Signiﬁcance 0.000 0.000
2–5 mm Pearson correlation 0.680⁎⁎ 0.606⁎⁎
Signiﬁcance 0.000 0.000
1–2 mm Pearson correlation 0.910⁎⁎ 0.824⁎⁎
Signiﬁcance 0.000 0.000
0.5–1 mm Pearson correlation 0.927⁎⁎ 0.855⁎⁎
Signiﬁcance 0.000 0.000
0.25–0.5 mm Pearson correlation 0.964⁎⁎ 0.904⁎⁎
Signiﬁcance 0.000 0.000
⁎ Signiﬁcant at p b 0.05.
⁎⁎ Signiﬁcant at p b 0.01.
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